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ABSTRACT
We present a mechanism related to the migration of giant protoplanets embedded in a
protoplanetary disc whereby a giant protoplanet is caught up, before having migrated all
the way to the central star, by a lighter outer giant protoplanet. This outer protoplanet
gets captured into the 2:3 resonance with the more massive one, and the gaps that the
two planets open in the disc overlap. Two eects arise, namely a mass weighted torque
imbalance and an increased mass flow through the overlapping gaps from the outer disc
to the inner disc, which both play in favour of an outwards migration. Indeed under
the conditions presented here, which describe the evolution of a pair of protoplanets
respectively Jupiter and Saturn sized, the migration is reversed, while the planets semi-
major axis ratio is constant and the eccentricities are conned to small values by the
disc material. The long-term behaviour of the system is briefly discussed, and could
account for the high eccentricities observed for the extrasolar planets with semi-major
axis a > 0:2 AU.
Key words: Accretion, accretion discs { Hydrodynamics { Solar system: formation {
Planetary systems
1 INTRODUCTION
In the past few years a number of extrasolar giant planets
have been discovered around nearby solar{type stars. These
objects masses range from 0:4 MJ to 11 MJ (where MJ is
Jupiter’s mass) and their orbital semi-major axis range from
0:04 AU to 2:5 AU (Marcy, Cochran & Mayor, 1998). Al-
though many uncertainties remain about planet formation,
it is now commonly accepted that planets have formed in
and from protoplanetary discs. Necessarily, there must be
some time interval over which a giant planet and the sur-
rounding gaseous disc material coexist. The planet and the
disc exchange angular momentum through tidal interactions
which generally make the planet lose angular momentum
This mechanism is called migration. It can roughly be di-
vided in two regimes:
 If the planet mass is small enough, the disc response
is linear. The migration rate, in that regime, is propor-
tional to the planet mass, is independent of viscosity
and weakly dependent of the disc surface density and
temperature proles. This is the so-called type I migra-
tion (Ward, 1997).
 When the protoplanet mass is above a certain threshold,
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the torques acting locally on the surrounding disc mate-
rial open a gap (Papaloizou & Lin, 1984), whose width
and depth are controlled by the balance between the
tidal torques, which tend to open the gap, and the vis-
cous torques which tend to close it. The disc response is
markedly non-linear, and most of the protoplanet Lind-
blad resonances fall in the gap and therefore cannot con-
tribute to the planet-disc angular momentum exchange.
The migration rate slows down dramatically compared
to type I migration. Furthermore, the tidal truncation
splits the disc in two parts and the planet is locked in
the disc viscous evolution (Nelson et al. 2000). This is
the type II migration.
Type II migration occurs on the disc viscous time-scale,
about 105 yr at 5 AU. This time-scale is still one or two
orders of magnitude shorter than the disc estimated lifetime.
Unless the planet has formed much further out in the disc,
in which case one has to face time-scale problems again, or
unless the disc is cleared by some process before the planet
has migrated all the way to the central star, there is clearly
a conflict between type II migration theoretical predictions
and observational facts. Indeed, roughly speaking only half
of the detected extrasolar planets are \hot Jupiters", which
orbit very close to the central star (a < 0:2 AU).
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There is another problem with the type II migration
of one giant protoplanet. All the extrasolar planets with a
semi-major axis larger than 0:2 AU have large eccentricities
(e > 0:16, except 47 UMa for which e = 0:096, which is
already twice as large as Jupiter’s eccentricity). Now the
migration of a giant protoplanet embedded in a disc occurs
on a nearly circular orbit, since the eccentricity is damped
by the coorbital material (Ward, 1988).
In this letter we consider the coupled evolution of a
system of giant protoplanets consisting of two non-accreting
cores with masses 1 MJ and 0:29 MJ , which we are going to
call from now on respectively \Jupiter" and \Saturn". At-
tempts have already been made to describe the behaviour
of a system of planets embedded in a disc. Melita & Woolf-
son (1996) and Haghighipour (1999) considered an embed-
ded Jupiter and Saturn system orbiting a solar mass star,
and showed how resonance trapping would aect their evo-
lution. However the dissipative force in these works was due
to the dynamical friction with a uniform density interplane-
tary medium, hence type II migration eects were not taken
into account. Resonance trapping of planetesimals by a xed
orbit Jupiter sized protoplanet has also been investigated
by Beauge et al. (1994), and shown to be able to build up
a single planetary core with orbital characteristics close to
Saturn’s ones. Kley (2000) studied the orbital evolution of
two maximally accreting giant cores embedded in a minimal
mass protosolar disc, and showed how the migration of the
inner core could be halted by the presence of the outer one,
and how the eccentricity of the inner core is pumped up by
the outer one, and hence could account for observations of
high eccentricity extrasolar planets.
2 RESULTS
2.1 Numerical codes description
In order to investigate the long-term behaviour of the em-
bedded Jupiter and Saturn system, we have used two inde-
pendent hydrocodes, which have been described elsewhere
in full detail (Nelson et al. 2000). These two codes are
xed Eulerian grid based codes, one of them is NIRVANA
(Ziegler & Yorke, 1997) and the other one has been writ-
ten by one of us (FM). Both have been endowed with the
fast advection FARGO algorithm (Masset, 2000). They gave
very similar results. They consist of a pure N-body kernel
based on either a fourth (NIRVANA) or fth order adap-
tative timestep Runge-Kutta solver (sucient for the short
time-scales involved in this dissipative problem) embedded
in a hydrocode which provides a tidal interaction with a 2D
non self-gravitating gaseous disc. The simulations are per-
formed in the non-inertial non-rotating frame centered on
the primary. The grid outer boundary does not allow inflow
nor outflow and is chosen suciently far from the planets
in order for the spiral density waves that they launch to be
damped before they reach it, while the grid inner bound-
ary only allows outflow (inwards), so that the disc mate-
rial can be accreted on to the primary. Failing to do so
may lead to overestimate the inner disc density and arti-
cially favours an outwards migration. In the following our
length unit is 5:2 AU, the mass unit is one solar mass, and
the time unit is the initial orbital period of Jupiter (the
actual period may vary as Jupiter migrates). The disc as-
pect ratio H=R is uniform and constant. In the run pre-
sented here the grid resolution adopted is Nr = 122 and
N = 300 with a geometric spacing of the interzone radii
| such that all the zones are \as square as possible", i.e.
Nr log(1 + 2=N) = log(Rmax=Rmin) |. The grid outer
boundary is at Rmax = 5 and its inner boundary is at
Rmin = 0:4. The geometric spacing is the most natural one
since the disc thickness scales as r. On the other hand, a
constant spacing leads to an oversampling of the outer disc
and an undersampling of the inner one, and hence is likely
to favour an inwards migration.
2.2 Initial setup
The cores we consider are embedded in a gaseous minimal
mass protosolar nebula around a unit mass central object,
and we assume they start their evolution with semi-major
axis aj = 1 for Jupiter and as = 2 for Saturn. The disc
surface density is uniform and corresponds to two Jupiter
masses inside Jupiter’s orbit. The eective viscosity , the
nature of which remains unclear and is usually thought to be
due to turbulence generated by MHD instabilities (Balbus
& Hawley 1991), is assumed to be uniform through the disc
and corresponds to a value of  ’ 6  10−3 in the vicinity of
Jupiter’s orbit. The disc aspect ratio is H=r = 0:04.
The mass of Jupiter is sucient to open a clearly
marked gap and hence it settles in a type II migration (Nel-
son et al. 2000), whereas Saturn is unable to fully empty
its coorbital region because: (i) its mass is smaller; (ii) The
planet is in a regime called the inertial limit (Ward & Houri-
gan, 1989; Nelson, 2000) where the inwards migration speed
is so high that it makes the planet pass through what would
be the gap inner edge before it had time to actually open it.
Therefore Saturn has almost no gap in the early stages,
and its migration rate is typical of type I migration, since
all its Lindblad resonances contribute to exchange angular
momentum with the disc.
2.3 Run results
We present in g. 1 the central star{planet distance curves
as a function of time. We see how initially Jupiter migrates
as if it was the only planet in the disc (see test run). In
the meantime, Saturns starts much faster a migration (after
some delay which corresponds to the disc response time-
scale), and reaches the 1:2 resonance with Jupiter at time
t ’ 110. The eccentricities at that time are small (see g. 2),
and in particular Saturn’s eccentricity is much smaller than
the eccentricity threshold below which the capture into res-
onance is certain if the \adiabatic" condition on the migra-
tion rate is satised (Dermott, Malhotra & Murray 1988):
j :asj=(asΩs)  0:5j(j+1) for the j:j+1 resonance, where 
is the mass ratio of Jupiter to the central object. This condi-
tion is not satised when Saturn reaches the 1:2 resonance,
and it passes through.
The planets then have increased eccentricities, and Sat-
urn’s migration rate is reduced. The reason for that will
appear later, and has to see with an increased inwards mass
flow. Saturn’s eccentricity increases again rapidly as it passes
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Figure 1. Primary{planet distances as a function of time. The
outer dashed curve represents the nominal position of the 1:2
resonance with Jupiter, while the inner dashed curve is the nom-
inal position of the 2:3 resonance. The zoomed plot enables one
to closely compare Jupiter’s orbital evolution against a test run
without Saturn.
through the 3:5 resonance with Jupiter at t ’ 220. Eventu-
ally the adiabatic condition on the migration rate is satised
for the 2:3 resonance and Saturn’s eccentricity is still below
the corresponding critical threshold, so it gets trapped in 2:3
resonance with Jupiter (both e and e0 resonances, since the
two critical angles  = 3s−2j−~!s and 0 = 3s−2j−~!j
librate, where  is the mean longitude and ~! the longitude
of perihelion). At that time both planets steadily migrate
outwards.
2.4 Interpretation
The behaviour described above has a twofold origin.
A mass weighted torque imbalance: the reso-
nance locked system composed of the two planets interacts
with the inner disc through torques proportional to M2J ,
at Jupiter’s inner Lindblad resonances (ILR), whereas it
interacts with the outer disc through torques proportional
to M2S at Saturn’s outer Lindblad resonances (OLR), as
indicated on g. 3. Now Saturn’s ILR fall in Jupiter’s
gap and Jupiter’s OLR fall in Saturn’s gap so their ef-
fect is weakened compared to the situation where Jupiter
is alone. Now M2J=M
2
S  10, hence the torque imbalance
does not favour an inwards migration as strongly as in
a one planet case, and might even lead to a positive net
torque on the two planet system.
An increased mass flow from the outer disc to the inner
disc through the common gap. Indeed, one can see in g. 4
that the mass flux crossing Jupiter’s orbit is about four
times higher in the two planet run with respect to the
test case with Jupiter only. This mass flow has two con-
sequences :
 A lling of the inner disc, which is normally too de-
pleted for the torques at Jupiter’s ILR to have any
sizable eect in the one planet case (the inner disc
Figure 2. In this gure we see the planets eccentricities as a
function of time. They simultaneously increase as Saturn passes
through the 1:2 and 3:5 resonance with Jupiter. Once Saturn is
trapped in 2:3 resonance with Jupiter, both eccentricities settle
at a roughly constant level, which results of a balance between
the migration rate which pumps them up and the eccentricity
damping by the disc coorbital material (through the pile-up of the
outer fast eccentric Lindblad resonances and inner slow eccentric
Lindblad resonances).
Figure 3. Azimuthally averaged surface density as a function of
radius, for the two planet run (solid curve) and for the test run
with Jupiter only (dotted curve), at time t = 286 orbits. The
solid vertical lines show Jupiter’s circular Lindblad resonances,
and the dashed lines Saturn’s circular Lindblad resonances. The
dot-dashed lines at r = 0:91 and r = 1:23 show respectively
the positions of Jupiter (in the two planet run) and Saturn. As
can be seen also in g. 1, the Jupiter to Saturn orbital ratio is
slightly larger than 3=2. This is due to the fast precession of the
perihelions.
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Figure 4. Mass flux crossing Jupiter’s orbit (in mass units per
orbital time), positive for an inwards flow. This quantity can be
estimated from the total amount of mass located outside Jupiter’s
orbit (more precisely outside a circle having a radius equal to
Jupiter’s semi-major axis, in order to smooth out the short period
variations linked to the eccentricity), since the outer boundary is
closed (vrad ≡ 0). The negative value at the early stages is due
to a relatively fast inwards migration; it reverses for both runs,
even for the Jupiter only test run (where the inner disc is rapidly
depleted). Note that the mass flux is reversed before the migration
reverses, when Saturn passes through the 1:2 resonance.
is accreted on the primary on its short viscous time-
scale and maintaining its surface density at not too
low a value implies a high flow rate of material from
the outer disc).
 The angular momentum lost by the material which
flows from the outer disc to the inner one is gained by
the planets. The material which flows from the outer
disc to the inner disc has an initial specic angular
momentum given by the motion of Saturn’s L2 La-
grange point, and reaches the inner disc with a specic
angular momentum given by the motion of Jupiter’s











where RH stands for the Hill radius. Strictly speak-
ing L1 and L2 are well-dened only in the restricted
three body problem, but their use here can lead to a
reasonable estimate of the angular momentum loss.
On the other hand, the angular momentum of the






j in our units, where we have
neglected the eccentricities. In the absence of resonant
torques the mass flow through the gap could sustain an







aj 6  102
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The actual rate we get is about four times smaller.
This shows that the resonant torque balance, although
shifted in the sense of an outwards migration, is still
negative.
3 DISCUSSIONS
3.1 Grid resolution and smoothing
The mechanism presented above relies on an increased mass
flow through the overlapping gaps. No analytical theory, at
the present date, is able to predict the flux of mass going
from the outer disc to the inner disc, and one can wonder
whether the observed flux is not linked to numerical aspects,
in particular the nite zone size. To answer this question,
we performed a test run with twice as high a resolution as
the geometric radial spacing run, i.e. with Nr = 244 and
N = 600, all the other parameters being unchanged. No
dierence has been found on the mass flow through the gap.
The smoothing parameter of the potential can have a
dramatic impact on Saturn’s migration rate. Indeed this rate
is controlled by a subtle balance between outer disc and in-
ner disc torques. In the case of Saturn, all the Lindblad
resonances play a role, since there is no gap. Many pre-
scriptions for the smoothing are unable to give trustworthy
results for the balance between the outer and inner torques
since, depending on the prescription, these two quantities
are aected in a dierent way. On the other hand Jupiter’s
migration rate is much more robust, since the presence of
the gap prevents high-m Lindblad resonances to play a role
in the migration, which is controlled only by remote, low m
resonances and therefore almost insensitive to the smooth-
ing parameter. For this reason we have adopted an approach
which consists in choosing a smoothing prescription which
endows Saturn with a migration velocity of the order of mag-
nitude of the linear analytical predictions (type I migration),
which is needed to give correct results for the capture in res-
onance. Once Saturn is trapped into resonance with Jupiter,
it is dynamically slaved by this latter and the system evolu-
tion is very weakly aected by the exact value of the outer
disc torque exerted on Saturn. We have found that using
the prescription below satisfactorily preserves the analytical
torque imbalance on Saturn and therefore gives it a type I
migration rate:
 The potential of a planet acting on the disc is smoothed
over the length " = 0:4RH where RH is the Hill radius
of the planet under consideration, whereas the poten-
tial of the disc acting back on the planet is smoothed
over "0 =
p
H2 + d2 where H and d are respectively the
local disc thickness and zone diagonal. Since "0 6= " the
action-reaction law is not fullled and the numerical bi-
ases which arise favour an inwards migration, as can be
easily checked.
 The potential of a planet acting on the disc and the
potential of the disc acting on the same planet are
smoothed over " = 0:4RH . This prescription does fulll
the action-reaction law.
In these two cases, as in any other which gives Saturn a
type I migration rate, including runs performed with a uni-
form radial spacing, the migration gets reversed. The run
presented here corresponds to the rst prescription.
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3.2 -viscosity vs. uniform viscosity
So far we have only considered a uniform viscosity. Switch-
ing to a uniform- viscosity of the form  = csH would
make  scale here as r1=2, so the viscosity at the outer edge
of the common gap would be higher, whereas it would be
smaller in the inner disc. This would have two eects, which
would both play in favour of enhancing the migration rever-
sal mechanism: (i) The mass flow through the gap, which
is thought to be linked to the viscosity, is likely to increase
as the viscous stress increases (since the tidal truncation is
weaker and more material is allowed to penetrate the gap
on Saturn’s side); (ii) The viscous time-scale of the inner
disc would be higher and therefore its surface density would
increase as well, since the material brought through the gap
would pile-up in the inner disc for a longer time before being
accreted on the primary.
3.3 Accretion on to the planets
The cores considered above do not accrete gas from the disc.
One can wonder what would be the eects of accretion. Part
of the material flowing inwards from the outer disc would
eventually be accreted on the planets and therefore would
lose less angular momentum than the amount it would lose
if it went all the way to the inner disc, and if the accreted
fraction was important this would weaken the main source
of the migration reversal mechanism. In particular, only a
tiny fraction of the gap penetrating material should be ac-
creted on Saturn. Accretion on to Jupiter is less constrain-
ing, since if the inwards flowing material was accreted on
to Jupiter one would have to cancel RjH in Eq. (1), and the
value of
:
Jdyn would not change dramatically. In the runs
presented here, the mass flow through the gap amounts to
about 2:5  10−3 MJ .orbit−1, which corresponds roughly to
7:5  10−2 M:yr−1. Kley (1999), using a maximally accret-
ing scheme to describe the growth of a protoplanet, found an
accretion rate about 10−2 M:yr−1 for a one Jupiter mass
protoplanet embedded in a tidally truncated disc with the
same viscosity as the one used here. This accretion rate is
maximal and corresponds roughly to a Bondi rate, or a half
emptying time of the Roche lobe of about min1=2  1=4 of the
orbital time. Now the material flowing into the Roche lobe
does have angular momentum in the non-rotating frame cen-
tered on Jupiter, and needs to get rid of it before being ac-
creted. An upper limit for the circumjovian disc time-scale is
 jv  (RjH)2=3  25 orbits, about one hundred times larger
than min1=2 . A realistic value of 1=2 is probably between these
two extreme values, is not known at the present time, and
probably deserves a full self-consistent 3D treatment to be
properly evaluated. Lubow, Seibert and Artymowicz (1999),
using high resolution numerical 2D simulations, give an es-
timate for
:
M j under similar conditions which agree reason-
ably well with Kley’s values. They also claim that the mass
flow reaching the inner disc is about twice as large as the
mass accreted on to Jupiter. From the considerations above,
it is reasonable to expect that most of the inwards flow does
reach Jupiter orbit and that a sizable amount reaches the
inner disc.
3.4 Impact of mass ratio and long-term
behaviour
One can wonder on which interval of \Saturn"’s mass the mi-
gration can be signicantly slowed down or reversed. Indeed
if \Saturn" is not massive enough it will not signicantly
aect Jupiter’s evolution, whereas if it is too massive, the
torque imbalance will strongly play in favour of an inwards
migration, and the steepest tidal truncation at the common
gap outer edge is likely to reduce the inwards mass flow.
Work is in progress to accurately determine which range
of parameters leads to a migration reversal, and to prop-
erly understand the physics of the high inwards mass flow
(funnel eect due to the weak tidal truncation of the outer
edge, or a possible link with the stochastic behaviour of a
test-particle which arises in the coorbital region of a pair of
resonantly orbiting massive planets).
The long-term behaviour of the system is twofold:
 It should be noted that the outwards migration is a
slowly accelerating process (the torques scale as a and
the inwards mass flow increases as well for geometrical
reasons) which requires the gap outer edge to be able to
follow the migration rate
:
a =a. Now the torque Saturn
exerts on the outer disc scales as a, whereas the angular
momentum content of the outer disc scales as a5=2, so
for a suciently high value of a, the gap outer edge will
not be able to follow the global outwards motion, and
a runaway inwards mass flow can result. The most im-
portant consequence of this runaway flow is that Saturn
will leave the 2:3 resonance with Jupiter and will move
further in the disc. The details and consequences of this
mechanism will be presented in a forthcoming paper.
 If the planets happen to be in resonance at the time the
gas eects become negligible, then the system is likely
to be unstable (we mentioned already that at least two
angles librate simultaneously, which strongly suggests a
possible chaotic behaviour; see also Kley 2000), and the
most likely outcome is that one planet will be ejected
whereas the other one will end up on an eccentric orbit.
This could account for the observed eccentricities of the
extrasolar planets which are not orbiting close to their
host star, i.e. which have not migrated all the way to
the star.
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